The Sonchus alliance represents an oceanic island radiation that includes six genera and 31 species of herbs, shrubs, and trees occurring in diverse habitats ranging from cool, upland cloud forests to hot, dry, exposed cliff faces and coastal deserts. To investigate the role of photosynthetic adaptations during radiation into diverse habitats, we measured leaf morphological and physiological traits and relationships among 15 representative species of the woody Sonchus alliance grown under uniform conditions. Correlated evolution was observed between photosynthesis per mass with leaf size and specific leaf area and between photosynthesis per area with dark respiration per area and stomatal conductance. In general, species from exposed habitats exhibited smaller, more dissected leaves with greater photosynthetic rates compared with those of species native to relatively shaded pine and laurel cloud forest. We also observed that sister taxa in contrasting habitats can develop substantially divergent leaf forms in relatively short evolutionary time. The data serve as a striking example of the role of photosynthetic adaptation in exploiting habitats with contrasting light regimes during rapid evolutionary radiation on isolated oceanic islands.
Introduction
Perhaps the most widespread and apparent form of speciation on oceanic islands is adaptive radiation. It refers to the diversification of a lineage into species that exploit a variety of different resource types and that differ in the morphological and physiological traits used to exploit those resources (Schluter 1996) . Adaptive radiation involves both the formation of species and the evolution of ecological differences between them. The process starts with long-distance dispersal of a continental ancestor to an island habitat. Subsequently, relaxed selection in the new habitat allows novel recombinants to be established through morphological and physiological adaptation to the corresponding habitat (Carlquist 1974) . This ultimately leads to speciation and repeated colonization events of the offspring of the founding population to different habitats over a short period of time. The result of this process is often characterized by extensive divergence in morphological traits and habit yet relatively little divergence in molecular sequences and crossability. There are many known examples of adaptive radiation in plants in several archipelagoes, and recent molecular phylogenetic studies have shed light on the historical patterns of organismal evolution and their underlying mechanisms on islands (Baldwin et al. 1998) .
One of the best known examples of adaptive radiations in the Atlantic Ocean is the woody Sonchus alliance (Asteraceae: Sonchinae; Aldridge 1975 Aldridge , 1979 (Canaries, Madeira, and Cape Verde) of the five archipelagoes in the north Atlantic, recognized as the phytogeographic region Macaronesia. All but four species of the alliance are endemic to the Canaries, which are considered the center of diversity and origin of the entire Sonchus alliance. As may be inferred by the recognition of six genera, these taxa have experienced remarkable diversifications in morphology, ecology, and anatomy (Aldridge 1977 (Aldridge , 1978 . The group includes herbs, shrubs, and trees that occur in diverse island habitats that range from cool, upland pine and laurel cloud forest to hot, dry, exposed cliff faces and coastal desert (Aldridge 1975 (Aldridge , 1979 . Despite this diversity, several molecular phylogenetic studies have clearly demonstrated that the entire alliance developed from a single colonization event during the late Miocene or early Pliocene (Kim et al. 1996a (Kim et al. , 1996b (Kim et al. , 2007 Lee et al. 2005) .
Radiation into contrasting habitats, as observed within the Sonchus alliance, is likely to have occurred in concert with physiological adaptations to the stark differences in water, light, and nutrient availability seen across the broad habitat spectrum now inhabited by this group. Because leaves are the carbon source for most vascular plant species, there is tremendous selection to maximize photosynthetic carbon gain over the lifetime of the leaf in a given environment (Kikuzawa 1991; Mulkey et al. 1995) , and environmental stresses that limit photosynthetic carbon assimilation are reflected in plant allocation to photosynthetic capacity (Field 1991) . Indeed, a central goal of plant physiological ecology is the study of photosynthetic adaptation to distinct light habitats (Chazdon and Pearcy 1986; Givnish 1988; Mulkey et al. 1993; Kitajima 1994; Kitajima et al. 1997; Grubb 1998; Santiago et al. 2000; Santiago and Wright 2007 ). However, relatively few studies on leaf adaptation within closely related species have been conducted (Ackerly and Donoghue 1998; Valladares et al. 2000; Ackerly 2004; Givnish et al. 2004; Edwards 2006) . Fundamental relationships among leaf photosynthetic traits have now been elucidated at a global scale and demonstrate that plant species generally vary along an axis where short-lived, relatively thin leaves with high photosynthetic rates are at one end of the spectrum, and thick, long-lived leaves with low photosynthetic capacity are at the other (Wright et al. 2004) . This global ''leaf economics spectrum'' thus provides a theoretical framework for investigating interspecific variation in photosynthetic traits that represent ecological strategies. Therefore, the purpose of this study is to determine patterns of correlated evolution among leaf morphological and photosynthetic traits within a group of species in the woody Sonchus alliance growing in a common garden.
Most studies investigating evolution of photosynthetic adaptation to contrasting light environments have addressed individuals growing under field conditions. Whereas this approach is extremely useful for understanding how the interplay among adaptation, acclimation, and environmental conditions produce a certain leaf phenotype under a specific light regime, it can be difficult to separate the effects ''nature versus nurture'' in producing that phenotype. In contrast, common garden studies allow the isolation of genetic influence among species by maintaining a homogeneous environment. Ultimately field and common garden studies approach the question of nature versus nurture from different angles. In this study, we focus on the ''nature'' side of the equation by evaluating leaf morphological and physiological traits from a group of closely related taxa grown in a common garden environment.
We hypothesized that because of adaptation to native light regimes, species from exposed, high-light habitats would exhibit leaves with greater photosynthetic capacity, in contrast to species from relatively shaded forest habitats, which we predicted to maintain leaves with relatively low photosynthetic capacity. We also expected variation in leaf traits in accordance with the ''leaf economics spectrum,'' such that maximum photosynthetic rates would be positively related to specific leaf area, respiration rate, and stomatal conductance, and possibly to leaf size and shape. Because these species were grown from seed in a common environment, we anticipated that trait values and relationships would reflect adaptation to native habitats of study taxa. In addition, we expected consistent relationships among trait combinations in interspecific analyses, demonstrating interdependence of related traits that reflect ecological strategy variation. We also envisioned consistent divergence of leaf traits, reflecting correlated evolution of traits during radiation into contrasting habitats.
Material and Methods

Study Sites and Species
We studied 15 representative species within the woody Sonchus alliance (table 1). Individuals were grown from seeds collected from natural populations in the Canary Islands, Spain, and Madeira, Portugal in 2003 and were subsequently germinated and grown in glasshouses at the University of California at Riverside (UCR). Seeds of Sonchus daltonii were obtained from the Botanischer Garten und Botanisches Museum BerlinDahlem in Germany and germinated at UCR. All but two Basalt cliffs 150-1000 Fig. 1 Phylogenetic relationships among 15 species of the Macaronesian woody Sonchus alliance. This is one of 60 equally parsimonious trees based on the internal transcribed spacer of nrDNA. Number of substitutions is shown above branches. Decay values up to 3 are followed by bootstrap supports above 50% in parentheses below branches. 84 species (Sonchus fruticosus from Madeira and S. daltonii from Cape Verde) are from the Canaries. After germination in petri dishes, they were transplanted into 4-L pots. All measurements were conducted on 3.5-yr-old plants. Conditions in the glasshouse were controlled to temper outdoor extremes and provided a mean temperature of 20.2°C (range 12.5°-37.4°C) and a mean humidity of 67.3% (range 32.5%-87.1%). Leaf morphological and physiological measurements were conducted during January-February 2006, when daily temperature in the glasshouse ranged from 19.7°to 27.0°C and ambient light availability varied from 69-253 mmol photons m À2 s
À1
.
Phylogenetic Analyses
Maximum parsimony (MP) analysis of relationships among 15 species was conducted based on the internal transcribed spacer (ITS) sequences of nuclear ribosomal DNA (nrDNA). The original woody Sonchus alliance data matrix (Kim et al. 1996a; Lee et al. 2005 ) was reduced to 15 species, and the HEURISTIC search option with TBR branch swapping and MULPARS was performed with PAUP* 4.0 (Swofford 2001) . Gaps were treated as missing data and support for groups was examined by 1000 bootstrap replicates (Felsenstein 1985a) . Decay analysis (Bremer 1988 ) was also performed to assess the robustness of the monophyletic groups. The MP analysis found the 60 equally most parsimonious trees with a tree length of 48, a consistency index of 0.85, and a retention index of 0.82. We randomly selected one fully resolved tree for independent contrast analysis ( fig. 1 ). Simulations show that random sampling of phylogenies provide statistically robust estimates of trait correlations (Ackerly 2000) . Character optimization of one continuous trait, the leaf dissection index, was performed based on the same MP tree using the default parameters (options for reconstructing ancestral states, minimize sum of absolute values of change [linear] , full range) of MacClade 4.0 (Maddison and Maddison 2000) .
Leaf Morphology
Three leaves from each of three individuals per species were collected and scanned on a flatbed scanner. Scanned images were then analyzed for perimeter and area using Image Tool (ver. 2.0; University of Texas Health Science Center, San Antonio). Perimeter and area measures were calibrated using a series of shapes with known dimensions. Leaf dissection index (DI) was calculated using Fourier transformation (Kincaid and Schneider 1983):
where values are relative to a circle which has a DI of 1. Leaf size was determined on three young, fully expanded leaves of three to five individuals, using an area meter (LI3000C, LiCor, Lincoln, NE). Following measurement of leaf area (LA; cm 2 ), leaves were dried in an oven at 65°C for 48 h and weighed. Specific leaf area (SLA) was calculated as area per unit mass (cm 2 g
À1
).
Photosynthetic Gas Exchange
Photosynthetic light responses were measured on one to three young, fully expanded leaves of three to five individuals per species with an infrared gas analyzer (Li-Cor 6400) equipped with a red-blue light source (Li-Cor 6400-02B, SI-710). We induced leaves with 100 and then 500 mmol m À2 s À1 photon flux density (PFD) to activate ribulose-1,5-biphosphate carboxylase/oxygenase (Rubisco) and open stomata. After photosynthetic CO 2 assimilation and stomatal conductance stabilized, photosynthesis was measured at 10 PFD levels, from 1500 ) was recorded from each light response curve. We allowed leaf temperature and relative humidity to vary within the relatively narrow ambient conditions in the glasshouse (53%-64% relative humidity, 18°-24°C leaf temperature), whereas CO 2 concentration in the cuvette was controlled by the CO 2 mixing system near ambient conditions (380 mmol mol À1 ). Parameters for light response curves were fit to a nonrectangular hyperbola (Sims and Pearcy 1991) to solve for lightsaturated rate of gross photosynthetic CO 2 assimilation (A max ), dark respiration rate (R), and the photon flux density at which photosynthesis balances respiration (light compensation point [LCP] ; mmol m À2 s
À1
). Following photosynthetic measurements, the section of leaf that was in the cuvette was harvested and measured for area to adjust photosynthetic rates to the area measured in the cuvette, and these sections were subsequently dried at 65°C for 48 h and weighed to adjust photosynthetic rates by mass of leaf measured. We calculated maximum net photosynthetic CO 2 assimilation rates by subtracting R from A max and used the area and mass of measured leaf sections so that maximum net CO 2 assimilation rates could be expressed per unit area (A area ; mmol m À2 s À1 ), and per unit mass (A mass ; nmol g À1 s
) for comparison among species.
Similarly, we expressed R per unit area (R area ; mmol m À2 s
) and per unit mass (R mass ; nmol g À1 s
Statistical Analysis
Comparisons of leaf morphological and physiological traits between species from exposed versus forest habitats were performed with Student's t-tests, using SAS software. Bivariate relationships among leaf morphological and physiological traits were evaluated with Pearson product-moment correlation coefficients to evaluate the ecological significance of interspecific trait correlation. The leverage potential of x-variable outliers was analyzed with the hat matrix procedure (Neter et al. 1990 ). We also evaluated bivariate evolutionary correlation among traits, using phylogenetically independent contrasts (Felsenstein 1985b; Garland et al. 1992 ) to evaluate whether a selected trait was consistently correlated with divergence of another trait during evolution of these traits, across the radiation of species. Univariate tests of phylogenetic signal determined the tendency of closely related species to resemble one another (Blomberg and Garland 2002) , and node-level analyses of trait means and diversification were used to assess trait conservatism. Pearson product-moment correlation was conducted Fig. 2 One randomly selected fully resolved tree (same as in fig. 1 ) for the 15 taxa in the comparative study of leaf shape and physiological traits. Leaf dissection index (DI) was mapped onto this phylogenetic tree using MacClade.
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INTERNATIONAL JOURNAL OF PLANT SCIENCES using SAS, version 9.1, and phylogenetically independent contrasts and analyses of trait conservatism were performed using the trait module in Phylocom (Webb et al. 2007 ).
Results
Leaf Size, Shape, and Morphology
Across all 15 species, we observed 6.8-fold variation in leaf DI, from 2.31 in the moderately dissected Sonchus brachylobus to 15.58 in the highly dissected Sonchus arboreus (table 2). Figure 2 shows that many closely related species in the Sonchus alliance show extremely contrasting degrees of leaf dissection and that DI is evolutionarily flexible within this group of species. Although the ancestral condition is equivocal, relatively high values for DI (>5) have originated four times within the radiation of this group. With the exception of Sonchus palmensis, all of the species exhibiting DI values greater than 5 occur in exposed habitats such as basalt cliffs and roadsides. The mean DI of 6:21 6 1:53 observed in species from exposed habitats was marginally statistically greater than the mean DI of 3:73 6 0:70 found in forest species (t ¼ À1:67, df ¼ 13, P ¼ 0:10; table 2).
We also observed 6.2-fold variation in LA from 16.2 cm 2 in Sonchus tuberifer to 100.9 cm 2 in Sonchus pinnatifidus (table 2).The mean LA of 81:4 6 8:4 cm 2 (mean 6 1 SE) observed in forest species was significantly greater than the mean LA of 48:4 6 10:1 cm 2 observed in species from exposed habitats (t ¼ 2:47, df ¼ 13, P ¼ 0:03; table 2). SLA showed 2.2-fold variation, from 122.0 cm 2 g À1 in Sonchus radicatus to 265.5 cm 2 g À1 in S. tuberifer (table 2) . Mean SLAs of species from forest and exposed habitats were statistically indistinguishable (t ¼ 0:36, df ¼ 13, P ¼ 0:72; table 2).
Photosynthetic Light Responses
Across all 15 species, we observed 3.1-fold variation in LCP, 2.6-fold variation in A area , 2.9-fold variation in A mass , 3.6-fold variation in R area , 4.6-fold variation in R mass , and 7.8-fold variation in g s (table 3) . We expected that species adapted to exposed, high-light habitats would exhibit higher maximum rates of photosynthesis than species adapted to Fig. 3 Rate of net photosynthetic CO 2 assimilation per leaf area (A area ) as a function of light availability expressed as photon flux density (PFD) for S. congestus and S. tuberifer grown under glasshouse conditions. Points represent measurements on one representative leaf of each species, and curves are nonrectangular hyperbola functions fit for each leaf. Greater values of A area are shown in S. tuberifer, a species from exposed habitats, relative to lower values of A area in S. congestus, a species from forest habitats.
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shaded environments (Givnish 1988 ). This prediction is illustrated by the light response curves of Sonchus congestus, which occurs primarily in forests, and S. tuberifer, which occurs on exposed basalt cliffs ( fig. 3 ). This illustrates an example of adaptive crossover, in which each species exhibits greater photosynthetic rates in the habitat in which they are adapted (Givnish et al. 2004) . Adaptive crossovers in photosynthetic light responses were observed in 26 out of 54 possible pairwise comparisons between species from exposed versus forest habitats. In general, species associated with forest habitats displayed significantly lower values for A area (t ¼ À2:75, df ¼ 13, P ¼ 0:02) and a lower range of values from 6.29 to 9.84 mmol m À2 s
À1
compared with data for species from exposed habitats, which showed a relatively higher span of A area , ranging from 8.66 to 16.04 mmol m À2 s À1 (table 3) . However, mean values of A mass were not different among species from exposed and forested habitats (t ¼ À1:4, df ¼ 13, P ¼ 0:18; table 3).
Interspecific Trait Correlation
Across all species, no significant correlations were observed among leaf morphological traits (table 4). Relationships between leaf morphological and physiological traits revealed that species with smaller leaves and greater SLA tended to have higher A mass ( fig. 4; table 4 ). Relationships among physiological traits demonstrated that species with greater R area and R mass required more light (higher LCP) to achieve zero photosynthesis (table 4) . Finally, species with higher g s also tended to display greater A area and R area ( fig. 5; table 4 ).
Independent Contrast Correlation
Similar to interspecific relationships, we found no significant independent contrast correlations among leaf morphological traits (table 4) . Between morphological and physiological traits we observed that highly dissected leaves were related to relatively low R area (table 4), but this relationship was driven by an outlier with significantly high leverage potential. Smaller leaves with greater SLA were related to higher A mass across this radiation ( fig. 4 ; table 4), consistent with leaf economic theory that predicts greater photosynthetic rates in exposed habitats (tables 1, 4). Among leaf physiological traits, we also observed evidence of correlated evolution between A area and R area , illustrating the respiratory demands of maintaining higher photosynthetic rates, and between A area and g s , illustrating the concomitant loss of water associated with greater photosynthetic rates ( fig. 5; table 4 ).
Phylogenetic Signal and Trait Conservatism
Treewise analysis of trait conservatism addresses the tendency for closely related taxa to exhibit similar values for a particular trait (Webb et al. 2007) . A significant treewise phylogenetic signal was observed only in R mass , with low divergence deviation across all species (P ¼ 0:031), indicating that evolution of this trait is conserved.
Among leaf morphological traits, node-level analyses of trait means and diversification generally revealed significantly large divergences indicating low trait conservatism and suggesting that morphological leaf traits tend to be relatively labile during evolution. For example, DI showed significantly high divergence deviation (P ¼ 0:009) at the node giving rise to S. pinnatifidus, S. brachylobus, and S. arboreus ( fig. 2) . Similarly, LA showed significantly high divergence deviation (P ¼ 0:048) in the seven taxa clades spanning S. tubifer through S. palmensis ( fig. 1) . Additionally, SLA showed a significantly high rank of standard deviation in the node connecting Sonchus fauces-orci to all other Sonchus taxa (P ¼ 0:019; fig. 1 ). Among leaf physiological traits, node-level analysis also generally showed significantly large divergences that indicated low trait conservatism. Nonetheless, relationships at terminal nodes varied greatly, with some showing significantly high divergence (P 0:05), with others showing significantly low divergence (P 0:05), with no general pattern among traits or taxa.
Discussion
Our data demonstrate adaptive variation among leaf traits within the Sonchus alliance of closely related species. We observed that among 15 taxa grown under uniform conditions, Note. Correlation coefficients (R) for species traits are given in the upper right section of the matrix (n ¼ 15). Correlation coefficients for independent contrasts are given in the lower left section of the matrix (n ¼ 14). Bold type indicates significant correlations (P 0:05). DI ¼ dissection index, LA ¼ leaf area, SLA ¼ specific leaf area, LCP ¼ light compensation point, A area ¼ net photosynthesis per area, A mass ¼ net photosynthesis per mass, R area ¼ dark respiration per area, R mass ¼ dark respiration per mass, and g s ¼ stomatal conductances.
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INTERNATIONAL JOURNAL OF PLANT SCIENCES species from exposed cliff, roadside, or highly disturbed habitats tend to exhibit smaller, more dissected leaves with greater maximum photosynthetic rates compared with those of species whose native habitat is relatively shaded pine and laurel cloud forest. We also observed that two sister taxa-Sonchus brachylobus and Sonchus arboreus-represent the endpoints in the range of leaf dissection indices among this group of species ( fig. 2 ; table 2), indicating that the degree of leaf dissection found within the woody Sonchus alliance is a trait that is extremely labile in evolution. Thus, closely related species that come to occupy contrasting habitats during rapid radiations can develop substantially divergent leaf forms in relatively short evolutionary time. In some cases, such as the independent contrast correlation between A mass and LA, we observed instances of correlated evolution between leaf form and physiology. Overall, the data serve as a striking example of the role of photosynthetic adaptation in exploiting habitats with contrasting light regimes during rapid evolutionary radiation on isolated oceanic islands.
Our data demonstrating divergence in leaf shape as taxa of the woody Sonchus alliance radiated into habitats differing in light availability is consistent with studies that documented the role of leaf dissection in regulating leaf temperature (Gurevitch 1988) . Selection for greater leaf dissection in species from exposed habitats may have occurred in response to high temperatures because dissected leaves tend to reduce leaf boundary layers and facilitate convective cooling (Nobel 1983) . Additionally, the exposed habitats of species in this study tend to be drier than forest habitats (Aldridge 1979) , so when water limits evaporative cooling, increased convective cooling allowed by the reduced boundary layer of highly dissected leaves may be an additional benefit (Nicotra et al. 2008) . Similarly, leaf size may contribute to this pattern, as smaller leaves facilitate convective cooling, reduce radiation load, and are often associated with hot and dry habitats. We expected that leaves of species from forest environments would have a greater SLA, thus maximizing photosynthetic surface area for each unit of tissue allocated to leaves. However, this pattern was not observed, suggesting that the role of SLA in moderating leaf performance in the woody Sonchus alliance may be best addressed through field studies that incorporate acclimation to environmental conditions in comparative analyses (Givnish et al. 2004) .
The role of photosynthetic adaptation during evolutionary radiation is consistent with leaf economic theory suggesting that plants allocate resources only to photosynthetic capacity that can be utilized given the composite resource availability of a given environment (Field 1991) . Viewed in this manner, allocation to photosynthetic capacity reflects the resource availability and time-integrated stress imposed during the lifetime of a leaf. For example, taxa from exposed habitats in this study exhibited leaves with greater photosynthetic capacity, consistent with exploitation of high light availability. In contrast, forest species tended to exhibit leaves with lower photosynthetic rates, consistent with relatively less allocation to photosynthetic capacity in low light environments. Nonetheless, in many cases we observed that species from forest habitats photosynthetically outperform species from exposed habitats at low light levels, and vice versa ( fig. 3 ). This form of adaptive crossover was also noted by Givnish et al. (2004) in a study of photosynthetic physiology under natural conditions for 11 species of Hawaiian lobeliads that also form an oceanic island adaptive radiation. They found substantial variation among species in the field and rates of photosynthesis corresponded to daily light regimes of species growing in their native habitats, which indicates that our results are consistent with studies addressing similar questions in field-based studies. It is important to note, however, that variation among 
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INTERNATIONAL JOURNAL OF PLANT SCIENCES traits in our common-garden study is likely to have been muted relative to studies that addressed these questions on field populations. Considering relationships between suites of leaf morphological and physiological traits in the woody Sonchus alliance and the corresponding natural habitats of the study species, it appears that photosynthetic adaptations play a central role in the ability of taxa to maximize carbon gain for a given investment in leaf tissue as they undergo speciation into new habitats during rapid adaptive radiations.
Many of the variables used in this study to evaluate allocation to photosynthetic capacity have been shown to be related on a global scale and vary along a single axis that reflects ecological strategy variation (Wright et al. 2004 ). However, the presence of global relationships does not necessarily mean that the same relationships will be detected within groups of closely related taxa. We observed that variation among leaf trait relationships during radiation in the Sonchus alliance is indeed consistent with the axis of ecological strategy variation described by the leaf economics spectrum (Wright et al. 2004) . For example, significant interspecific correlations between A mass and SLA, A mass and R mass , A area and R area , and between A area and g s (table 4) are all prime tenets of the leaf economics spectrum. In addition, our results demonstrating independent contrast correlations in many of these same relationships illustrate the consistency of fundamental constraints on allocation to photosynthetic capacity during radiation into contrasting habitats. However, we also observed an independent contrast correlation and interspecific relationship between leaf size and A mass , a relationship often not observed in broad species comparisons. This point illustrates the importance of leaf size when comparing species that not only vary in light availability but that also vary in critical radiation loads (Nicotra et al. 2008) . Therefore, our study shows that relationships among leaf morphological and physiological traits in an evolutionary context may increase our understanding of mechanisms that drive patterns in global data sets.
